†a) , Haruki NISHIMURA †b) , Student Members, and Yukitoshi SANADA †c) , Member SUMMARY A diversity scheme with Fractional Sampling (FS) in an OFDM receiver has been investigated recently. Through FS, it is possible to separate multipath components and obtain diversity gain in OFDM systems. Enlargement of the bandwidth of the total frequency response between transmit and receive baseband filters allows the FS scheme to achieve path diversity. However, the transmit filter has to be designed according to the spectrum mask of the wireless standards such as IEEE802.11a/g to avoid interference to the other communication systems and the frequency response of the composite channel including the transmit and receive filters has often been set to minimal bandwidth to eliminate adjacent channel signals. In order to achieve the maximum signal-to-noise ratio (SNR), the same filter is commonly used in the transmitter and the receiver. In this paper, the trade-off among the SNR deterioration, adjacent channel interference, and the diversity gain due to the enlargement of the bandwidth of the receive filter is investigated. Numerical results from computer simulations indicate that the BER performance with wider bandwidth in the receiver shows better performance than that with the minimal bandwidth for maximizing the SNR in certain conditions. key words: fractional sampling, OFDM, multipath diversity
Introduction
Orthogonal frequency division multiplexing (OFDM) is being used as a modulation scheme in various wireless communication schemes such as terrestrial digital broadcasting, wireless broadband communications, or wireless local area networks [1] , [2] . It is because OFDM is robust to a multipath channel with the use of subcarriers.
For further robustness to the multipath channel equalizers with Fractional Sampling (FS) have been proposed [3] - [5] . FS converts a single-input single-output (SISO) channel into a single-input multiple-output (SIMO) channel and is used for blind channel estimation/equalization [6] , [7] .
Moreover, diversity techniques can improve the performance of the OFDM system on the multipath channel. One of the typical diversity techniques is antenna diversity. Multiple antenna elements must be spatially separated in order to reduce the correlation among the received signals [8] . However, it is difficult for small terminals to implement multiple antenna elements. Consequently, a FS scheme that obtains diversity gain with a single antenna has also been proposed. It is suggested in [9] that a sharp filter limits the diversity gain through FS. If the bandwidth of the composite channel including transmit and receive filters is larger than the minimal bandwidth, the FS scheme can achieve path diversity. However, the transmit filter has to be designed according to the spectrum mask of the standard to avoid interference to the other communication systems. Moreover, the frequency response of the composite channel including the transmit and receive filters has often been set to minimal bandwidth to cut adjacent channel signals. In addition, filters with the same frequency response are commonly used in the transmitter and the receiver in order to achieve the maximum signal-to-noise ratio (SNR) [10] . In this paper, the trade-off among the SNR deterioration, adjacent channel interference, and the diversity gain due to the frequency response of the composite channel that is wider than the minimal bandwidth is investigated. By using the receive filter with wider bandwidth, there is a case that path diversity through FS improves the BER performance.
This paper is organized as follows. Section 2 describes the system model. Section 3 explains the filter design scheme. Section 4 presents numerical results. Section 5 gives our conclusions.
System Model

OFDM with Fractional Sampling
A block diagram of an OFDM system with FS is shown in Fig. 1 . Suppose the information symbol on the kth subcarrier is s[k](k = 0, ..., N − 1), the OFDM symbol is given as
where n(n = 0, 1, ..., N − 1) is the time index, and N is the length of the inverse discrete Fourier transform (IDFT). The transmitted signal in baseband form is given by
, where p tx (t) is the impulse response of the transmit filter that includes the response of a bandpass filter at a D/A converter, and T s is the sampling interval for an OFDM receiver without FS. This signal is up converted and transmitted through a multipath channel with the impulse response, c(t). The received signal after the down conversion is given as
Copyright c 2010 The Institute of Electronics, Information and Communication Engineers where h(t) is the impulse response of the composite channel and is given by h(t) := p tx (t) c(t) p rx (t), denotes convolution, p rx (t) is the impulse response of the receive filter, and v(t) is the noise. Here, for simplicity, the effect of the RF filters is small and included in p tx (t) or p rx (t) since the bandwidth of the RF filters are wider than the pulse shaping filters. If y(t) is sampled at the rate of T s /G, where G is the oversampling ratio, its polyphase components can be expressed as Eq. (3) [6] .
where
, and v g [n] are the polynomials of sampled y(t), h(t), and v(t), respectively, and are expressed as
After removing the guard interval (GI) and taking discrete Fourier transform (DFT), the received symbol on the kth subcarrier is given by
T are G × 1 column vectors. The gth component of the received symbol is given . The channel response of the gth sample on the kth subcarrier is given as
Noise-Whitening and MRC
The noise samples are uncorrelated when it is sampled at the baud rate, 1/T s . However, when the sampling rate is multiple of the baud rate, the noise samples indicate correlation. Therefore, it is necessary to whiten the noise spectrum. The (g 1 , g 2 )th element of a noise covariance matrix on the kth subcarrier, R w [k], can be given as Eq. (5).
where p 2 (t) := p rx (t) p rx (−t) is the deterministic correlation of p rx (t).
In order to perform noise-whitening, the both sides of Eq. (4) are multiplied by R
. Those samples are combined with a maximalratio-combining (MRC) algorithm to maximize the SNR.
where {·} H is the Hermitian operator.
Filter Design in FS OFDM Receiver and Adjacent Channel Interference
If the bandwidth of the composite channel including the transmit and receive baseband filters is larger than the minimal bandwidth, the FS scheme can achieve path diversity. However, the transmit filter is designed according to the spectrum mask of the standards to avoid interference to the other wireless systems. Thus, it is necessary to enlarge the bandwidth of the receive filter to achieve diversity through FS. The frequency response of the transmit filter, P tx ( f ), and that of receive filter, P rx ( f ), in the frequency domain are given as
where p tx (τ) and p rx (τ) are the impulse responses of the transmit filter and the receive filter. The impulse response of the composite filter, p(t), including the transmit and receive baseband filters is given as
Therefore, the frequency response of the composite filter, 
P( f ), is expressed as
Four different combinations of the transmit and receive filters are selected for performance evaluation as shown in show different frequency response of the composite channel and have larger receiver bandwidth. As shown in Fig. 3 , the spectrum of the transmitted signal filtered by the transmit filter p tx (t) satisfies the spectrum mask defined in the IEEE802.11a standard [1] .
If the bandwidth of the receive baseband filter is larger than the minimal bandwidth, the adjacent channel signal causes interference to the desired signal. Therefore, the performance is evaluated with the signal-to-interference-andnoise ratio (SINR). It is assumed that the desired signal and the adjacent signal pass through independent Rayleigh fading channels. 
Numerical Results
Simulation Conditions
Simulation conditions are presented in Table 1 . The data is modulated with QPSK or 64QAM, and multiplexed with OFDM. Following the IEEE 802.11a/g standards, the num- bers of data subcarriers and pilot subcarriers are 48 and 4 while the DFT size is 64. The bandwidth of the subcarrier is 312.5 kHz. The oversampling rate, G, is 1 and 2, the number of packets per trial is 100000, and the number of OFDM symbols per packet is 1. As channel coding, following the IEEE 802.11a standard [1] , the rate R = 1/2 or 3/4 convolutional code with constraint length K = 7 are used. Soft decision Viterbi decoding is employed in the receiver. In this paper, the noise power is defined at the input of the receive filter. The bandwidth of the noise is set to 80 MHz which corresponds to G = 4. On the other hand, the signal power is defined at the output of the receive filter. The reason is that with these definitions the deterioration of the SNR due to the selection of the receive filter will be reflected in the BER performance. Rayleigh fading and Indoor Residential A are employed as channel models. The Rayleigh fading model has an uniform power delay profile with the maximum delay spread of τ max = 4T s and 16 multipath components. The Indoor Residential A model has an exponential delay profile with the maximum delay spread of τ max = 2T s and 8 multipath components. These multipath components are uncorrelated in each channel model. The root cosine roll-off filter of 20 MHz bandwidth with the roll-off factor of α = 0 is employed as the transmit filter. The power spectrum density of the transmitted OFDM signal is shown in Fig. 3 . This power spectrum density satisfies the spectrum mask defined in the IEEE 802.11a standard [1] .
As the impulse response of the receive filters, the cosine roll-off filters of 20 MHz and 40 MHz bandwidths with the roll-off factors of α = 0 and 1 are employed as shown in Fig. 2(a)-2(d) . The length of filters limited to 6T s with 97 taps.
The BER performance is evaluated without and with the signal on the adjacent channel. Figure 4 shows the channel allocation model. In the IEEE 802.11a/g standard, the channel separation is 20 MHz and the spectrum masks overlap. The desired signal and the interference on the adjacent channel pass through independent Rayleigh fading channels. It is assumed to be an OFDM signal transmitted from the other WLAN terminal. Figure 5 shows the BER performance with QPSK when the frequency response of the receive filter has 20 MHz bandwidth with the roll-off factor of α = 0 (Fig. 2(a) ) or α = 1 (Fig. 2(b) ). The BER performance for G = 1 with the roll-off factor of α = 1 is slightly worse than that with the roll-off factor of α = 0. The reason is that the SNR is deteriorated by using the filters with larger bandwidth in the receiver. When G = 2, the FS scheme achieve path diversity even if the frequency response of the receive filter has 20 MHz bandwidth with the roll-off factor of α = 0 (Fig. 2(a) ). The reason is that the number of filter taps is too small to sufficiently limit the bandwidth of the composite channel. On the other hand, the BER curves with G = 2 for the receive filter with the roll-off factor of α = 1 are further improved by about 1.5 dB due to more diversity gain through FS. Figures 6, 7 , and 8 show the BER performance with QPSK or 64QAM when the frequency response of the receive filter is 40 MHz bandwidth with the roll-off factors of α = 0 (Fig. 2(c) ) and α = 1 ( Fig. 2(d) ). The bandwidth of the receive filter is enlarged in these figures. Thus, the noise power increases and the BER for G = 1 is deteriorated. However, as the bandwidth of the signal is expanded, the FS scheme obtains more diversity gain with G = 2. Figure 9 shows the BER performance with QPSK on the Indoor Residential A channel without adjacent channel interference. The frequency response of the receive filter is 20 MHz or 40 MHz bandwidth with the roll-off factor of α = 0 (Fig. 2(a), 2(c) ). When the oversampling ratio is G = 1 and the 40 MHz bandwidth, the BERs is worse than that with the 20 MHz bandwidth. On the other hand, when the oversampling ratio G = 2, the BERs improve by about 1.5 dB due to diversity gain in the case of the 40 MHz bandwidth. Those results are comparable with the BER performance on the Rayleigh fading model without adjacent channel interference (Fig. 6 ).
BER Performance with Adjacent Channel Interference
Figures 10 and 11 show the BER performance vs. the SNR per bit with the adjacent channel interference on the 16 path Rayleigh fading channel. It is assumed that the desired signal and the adjacent signal pass through independent Rayleigh fading channels.
The signal-to-interference power ratio (SIR) is defined with the desired signal power and the interference power received on the adjacent channel and is set to −5 dB or 15 dB. The frequency response of the receive filter has 20 MHz or 40 MHz bandwidth with the roll-off factor of α = 0. Figure 10 shows that the performance curves with the wider receive filter exhibit an error floor due to the interference and are worse than those with the sharp receive filter. Moreover, the performance curves exhibit an error floor even if the frequency response of the receive filter has 20 MHz bandwidth with the roll-off factor of α = 0 ( Fig. 2(a) ). The reason is that the number of receive filter taps is too small to sufficiently eliminate the adjacent channel signals. On the other hand, in Fig. 11 the BER curves show similar performance to those without adjacent channel interference in Fig. 6 . Figures 12 and 13 show the BER performance vs. the SIR when the SNR per bit are 20 dB or 25 dB. The frequency response of the receive filter has 20 MHz or 40 MHz bandwidth with the roll-off factor of α = 0. When the oversampling ratio is G = 1 and the 40 MHz bandwidth, the BERs are worse than that with the 20 MHz bandwidth of α = 0 in the low SIR region. The reason is that the noise power and the adjacent channel interfering signal power increase because of using the filters with larger bandwidth in the receiver. On the other hand, in Figs. 12 and 13, when the SIR is larger than about 0 dB and the oversampling ratio is G = 2, the BERs improve due to diversity gain if the 40 MHz bandwidth with the roll-off factor of α = 0. channel. The rate 1/2 and 3/4 convolutional code with its generating matrix G = [133 8 , 171 8 ] and interleaving specified in the IEEE 802.11a standard are employed [1] . Soft decision Viterbi decoding is performed in the receiver. Figure 14 shows that the BER performance with QPSK, when coding rate is 1/2. The curves are almost equivalent due to the strong error correcting capability of the convolutional code. On the other hand, when the coding rate is 3/4 and 64QAM is used, the BERs improve by about 1.5 dB due to diversity gain in the case of the 40 MHz bandwidth with the roll-off factor of α = 0 as shown in Fig. 15 . This is also due to the diversity gain with FS.
Conclusions
In this paper, the trade-off among the SNR deterioration, the adjacent channel interference, and the diversity gain with the FS scheme has been investigated. If the bandwidth of the receive filter is larger than the minimal bandwidth, the FS scheme without adjacent channel interference achieves path diversity and improves the BER performance. When the transmit filter is the root cosine roll-off filter with the bandwidth of 20 MHz (roll-off factor α = 0) and the receive filter is the cosine roll-off filter with the bandwidth of 20 MHz (roll-off factor α = 1) or 40 MHz (roll-off factor α = 0, 1), the FS scheme without adjacent channel interference improves the performance by about 1.5 dB. Thus, the performance improvement without adjacent channel interference with the bandwidth enlargement of the receive filter has been confirmed on the indoor channel model. Moreover, when the channel coding is employed, it has also been shown that the wider bandwidth improves the BER performance.
If the frequency response of the composite channel is larger than the minimal bandwidth, the signal on the adjacent channel causes interference to the desired signal. It has been confirmed that the bandwidth enlargement improves the BER performance if the SIR is larger than 0 dB. This condition may be realized with appropriate channel allocation.
